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.A°BSTRACT 
Concrete impregnated with inexpensive polymers was 
exposed to brine and distilled water to stu~y ~orrosio
n 
behavior in these media. Specifically, sand-mortar 
composites incorporating polymethylmethacrylate and p
oly-
styrene were prepared by ~oaking in monomer and polym
er-
izing with Cobalt-60 radiation. Specim~ns prepared in
 
this way were exposed to brine and distilled water en
-
vironments similar to those antitipated for water de
sal-
ination evaporators. Weight change, dimensional chan
ie, 
surface and interior discoloration, and loss of compr
essive 
strength were followed on both protected and unprotec
ted 
samples exposed to the corrosive environments. Prope
rties 
of the mortar-polymer matrices, such as glass transit
ion 
temperatur·e, compressive stre.ngth, and solubility in v
arious 
solvents were observed in an effort to draw conclusion
s 
about crosslinking and polymer degradation. 
Exposure to hot, deionized water showed this 
environment caused extensive destruction of the morta
r 
without polymer. Both polymers, however_, provided co
mplete 
protection against hot deionized water. A hot, conce
ntrated 
brine environment was somewhat less 4estructive, but 
this 
media caused corrosive expansion of the unprotected m
aterial 
beyond the range· of failure as defined by ASTM C-lOQ 
specificati~ns. Incorporation of either polymer into
 the 
1 I 
, . 
-; 
I 
mortar provided adequate resis·tance to brine corrosion. 
throughout the 6-month test peripd. Observatio·ns of 
property changes gave no evidence of cros·slinking in the 
bulk of. the impregnating p.olymer lattice, but glass temp-
erature measurements suggest possible side-chain branching 
or local crosslinking at the polymer-sand or polymer-cement 
interface. 
These preliminary corrosion data strongly suggest 
the suitability of such polymeric impregnants and coatings 
for protecting the concrete containment shells of proppsed 
saline water evaporators from salt brine and distillated 
I 
water corrosion for at least six months. More extensive 
data should be taken with these and other common vinyl 
monomers and mixtures. 
I 
'·" 
INTRODUCT'"ION 
The search for a suitable means of purifying brine 
and brackish water continues to be of considerable im-
portance. Capital cost of equipment is a major factor 
' 
underlying the alternative methods now under study. For 
those processes where distillation (evaporation) techniques 
are being proposed, it has been determined that concrete 
would be an economically attractive material for containment 
"shells". However, it is known that both brine and high 
purity (distilled) water produce serious deterioration of 
concrete. Even more insidious is the fact that, since 
conventional concrete is water-permeable, corrosive solutions 
can penetrate to steel reinforcing members. The corrosion 
of a small amount of surface at the steel-concrete interface 
effectively destroys the structural advantage of the rein-
forcement. Hence, because of concrete's lower corrosion 
rate, destruction of the mild steel surface often occurs 
before damage to the surrounding concrete is evident. 
Concrete corrosion problems abound, and most occur 
with natural environmental conditions. For instance, the 
destruction of concrete sea walls and harbor emplacements 
is accellerated by seasonal freeze-thaw cycling and daily 
wet-dry conditions. Concrete pipe is subjected to attack 
3 
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by sulfates oxidized from the sulfides present in most 
municipal sewers. Pipe corrosion has, in fact, been 
responsible for delaying the acceptance and use of potentially 
much less expensive larger diameter pipes where economics 
dictates thin-wall construction and permits less overdesign 
allowance for corrosive loss. 
Project Scope: 
With the decision to consider concrete for use as 
a containment vessel "shell" material in the design of 
brine evaporaters, it has become imperative to d~termfne 
the corrosion behavior of concrete under the expected 
service conditions. Due to its more common use·in natural 
environments, little has been known, until recently, of 
concrete's corrosion behavior under the potentially severe 
desalination conditions. Further, methods of inhibiting 
or retarding the natural corrosion of concrete have been 
primarily limited to good "design" and construction prac-
tices such as allowance for proper soil drainage in the 
case of pipes, and adequate tamping to remove air voids 
during placement of walls and foundations. Some commercial 
coatings are available, but these are intended for re-
latively mild service. For example, tar compounds are used 
as a moisture barrier for walls below grade. Special 
·• formulation paints are used ahove ground_, al though their 
function remains ·mainly decorative. Some epoxy paint 
formulations are now available commercially for use on 
concrete flooring. 
From the standpoint of economy of erection and· 
placem~nt of conventional structures, _the ideal corrosion 
retardent would be a low-cost material incorporated as an 
admixture directly in the concrete mix with no further 
treatment required after pouring. Nearly as attractive 
would be the application by brush or spray of a low-cost, 
e1ffective surface coating after placement of the concrete. 
For uriusual structures, or for specialty preformed artdcles, 
slightly more complex procedures could be tolerated pro-
vided the treatment produced sufficient corrosion enhancemerit 
to offset the increased cost. For example, one recent 
report evaluated clear polymerized methylmethacrylate coating 
sprayed from solution to protect decorative concrete 
structural panels from discoloration when exposed to 
atmospheric pollutants. While the results were satisfactory, 
the environment was mild and the interest primarily esthetic. 
The need persists for an effective and inexpensive 
treatment to enhance the natural corrosion resistance of 
concrete and reinforced concrete structures. Consequently, 
programs are being conducted by such agencies as the U.S. 
Department of the Interior's Office of Saline Water and 
the.Bureau of Reclamation with the purpose of evaluating 
proposed corrosion preventive materials and treatments and 
5 
to assess the corrosion behavior of concrete under these 
proposed setvice conditons. 
The purpose of this report, the.n, is to present the 
results of a study of the use of inexpensive polymers, 
poly-styrene and poly~methylmethacrylate, when irradiation-
polymerized, as proposed coatings and impregnants for 
enhanced corrosion protection of mortar and concrete ex-
posed to the anticipated conditioffi to be encountered in 
brine evaporators. 
The remainder of this Introduction is given to a 
n~cessarily brief survey of the areas of interest relevant 
to the work. 
Concrete: Numerous texts and handbooks describe concrete 
and mortar (4 )(6 )(8 ). Only a very brief review is 
presented. 
"Concrete" consists of a mixture of hydraulic cement, 
water, fine aggregate (sand), and coarse aggregate (crused 
·rock or gravel). Occasional "admixtures" are included 
for special purposes. Hydraulic cement is defined as any 
"clinker of roasted limestone" capable of setting, or 
curing, under water. The well-known Portland cement is a 
hydraulic cement and is virtually the only concrete cement 
used in the United States. 
There are four primary constituents common to all 
Portland cements. Their proportions are adjusted to achieve 
6 / 
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desired properties in the concrete. These are: 
l 
2CaO.Si0 2 called 
"CS" 2 
3Ca0.Si02 called "C S" 3 
3Ca0.Al 203 called 
"C A" 3 
4Ca0.Al 203.Fe 2o3 called 
"C 4AF'~ 
The five common types of portland have varying 
amounts of these 4 compounds. An abridged table is 
included here. The general references cited provide 
extensive discussion. 
Cement Type C S· 3 c2s c3A 
c4AF 
general purpose I 49 25 12 8 most common 
II 46 29 6 12 service in mildly corrosive environment 
Ill .56 15 12 8 high early strength 
IV 30 46 5 13 low heat of reaction 
', 
.,. 
V 43 36 4 12 service in highly corrosive environment: 
\ 
The basic mechanism of concrete curing is the hydrati1n: 
of Cao by reaction with water to form calcium hydroxide, 
with formation of a stable 3-dimensional Ca{OH) 2 crystal 
net~6rk. Each of the four basic compounds has a different 
rate of hydration, and the resulting crystal matrices 
have different reactivities toward a corroding specie. The 
table compositions have be·en found to give- the best balance 
7 
of_properties. This hydration curing proceeds slowly 
over a period of several days to several months. A 
typical "curing curve" of .compressive strength vs. 
time after pouring for Type I is presented on the 
following page. 
Standard reference values of .concrete 
strength are reported at 3, 7, 14 and 28 days. Since 
the apparent compressive strength also varies with 
sample geometry, the industry has standardized on 6 x 
12-inch cylindrical "cores". Compressive strengths of 
common concrete mixes vary between 4-6000 psi. 
Factors which affect strength include the 
r_atios of fine and coarse gravel, proportion of cement, 
ratio of cement to water, curing time and temperature, and the 
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inherent strength of the cement used.- The various tests 
are-detailed in the ASTM Manuals Nos. 9 and 10. The base, 
or inherent, strength of the cement cannot be measured 
directly,.and so is reported by determining the compressive 
strength of 2" cubes of a·· special sand-cement-water mortar 
prepared under carefully controlled conditions. This test 
is described by ASTM Procedure C-109. 
In additionto the four basic components, for certain 
applications "admixtures" are sometimes added in the mix 
to affect the curing rate or the final physic'al properties. 
For instance, "air-entraining" agents are included where 
the concrete will be subjected to freeze-thaw conditions. 
These agents reduce structural cracking by providing for a 
void volume into :which freezing water can ·expand. 
Corrosion: 
Numberous. chemical agents are known to destroy concrete. 
The primary form of attack is destruction of the cement-
aggregate interface. Most rapid is attack by strong mineral 
acids, particularly HCl. Organic solvents and inorgariic 
salts accelerate the natural deterioration of concrete. Some 
aircraft fuels and hydraulic fluids, for example, hasten 
the deterioration of loading ramp floors. In the Western 
United States, carefu~ analysis of the crushed rock used is 
necessary to prevent the· undersitable "aggr·egate-alkali" 
reaction with the ·cement. The conunon. natural environments, . 
however, most often responsible for destroying concrete 
are those containing sulfate ion, magnesium ion, and highly 
purified (distilled) water. 
Soluble sulfates are present in most sewage, some soils, 
and .are always. present in seawater. Attack is through the 
c3A and c4AF aluminate compounds in the cement, producing 
calciumsulfoaluminates, which.have greater volume than the 
original C~A, thereby developing internal stresses and 
cracking. Mg++ ions attack the hydrated Ca(OH2constituents, 
replacing the calcium i.on with magnesium. The resulting 
Mg(OH) 2 "slime·" is a jel with no strength. This type of 
attack is not predominate under normal conditions, but will 
become important in thehlgh brine concentrations and temp-
eratures anticipated for seawater evaporators. Distilled 
water attack is through leaching ions due to the large 
driving force provided by the pure water. Conventional 
"tap" and surface waters do not exhibit this phenomenon, 
even through they have concentrations of impurities as 
low as 10-~0 grains/gallon. 
Seawater samples have been obtained from several 
oceans. The major constitutents of "mean sea water" are 
tabulate.d be-low: (9 ) 
lon Concentration: gms/liter g.moles/liter 
Na+ 11.0 0.48 
+ K+ o·. 4 0,0103 
Mg++ 1.33 o.oss 
Ca++ o.43 0.0107 
Cl 19. 8 0.558 
. Br 0.06 0.000752· 
so4 2.76 0.0288 
Current practice is generally aimed at preventing or 
delaying sulfate attack. For high sulfate conditions, 
cement of low c3A and high c2s and c3s content is specified, 
ienerally Type V. Prolonged drying after the riormal ·28-day 
cure has extended pipe life from a norm· of 1 to as long as 
2 years in very severe service. Using additional cement 
has been found useful, presumably because it simply takes 
longer to destroy more cement. It is generally recognized 
that for retarding sulfate attack, the coatings available 
cost more for the protection they offer thari do eithei an 
extra amount of cement or the specification of sulfate-
resistant Type V. 
Testing: 
·Test procedures for concrete, mortar, and ~ement are 
described in AS'i'M C-109. Probably most impc;>rtant here are 
the tensile and compressive strengths. There· ate no· g'.eneral 
te~ts for corr·osion resistance. The one available ·AsTM 
12 
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procedure specifies preparing specimens using ~he proposed 
cement and subjecting these to the "anticjpated envirorun.ent". 
Failure in sulfate environment is defined as having occurred 
when sulfate expansion exceeds 0.5%. Other criterion simply 
suggest monitoring weight changes, compressive strength 
deteriation, and visual appearence. There are no standard 
accelerated environmental tests, althoug~ the use of 10% 
sodium sulfate solutions in water is now practiced by a 
number of investigators. The general practice, however, is 
to periodically inspect the durability and "weathering'" of 
existing installations in the environment of interest. 
Consequently, there is ·no real service .data on-concrete 
·exposed to the unusual hot concentrated brine and distilled 
water anticipated in large desalinization evaporaters. 
Polymer Coatings and Impregnants: 
It is well known that beta radiation causes cross-
linking in certain vinyl monomers. Further, polymerization 
can be induced with beta rays. In certain polymers, however, 
and particularly with the alpha-substituted esters a parallel 
degradation by chain .scission or deploymerization occurs 
simultaneously. The p~esence of particulate solids in a 
particle-polymer matrix affects the apparent physical pro-
perties of the base polymer. Carbon-modified rubber in 
automotive tires is a common example. Recently, Steinburg 
( 3 ) at the· Brookhaven National Laboratory produced sand 
--···-··-·-····--·- -·· ··-·- ---·--·---·' ----- .- . -··------
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polymer matrices with compressive strengths well in excess 
of the·· pure polymer. · These were polymerized wi tf gamr.ta 
radiation. 
One of the important physical characteristics of a 
polymer is its second order transit.ion temperature, referred 
to as the "glass transition" or "glass temperature". At 
this point, the· plot of most physical properties with 
temperature undergoes a distinct ~hange of slope, but no 
discontinuity such as exis~for the first-order transitioris 
of melting and evaporation. The behavior of the polyrr,er 
changes from that of a brittle, glassy material below Tg 
to that of a rubber above the glass temperature. Th.is is 
associated with an increase in the restricted local rotation 
of segments of the polymer chain, as compared to atomic 
vibration below Tg, but no gross physical translation of 
the entire molecule ln bulk. The ~pparent Tg depends on 
molecula'r weight, side-chain branching, and the degree of 
crosslinking. Hence, measurement of Tg for a given polymer 
can be used to indicate differences in molecular weight or 
the presence of crosslinking and side chains. 
Hackerman, in two p'apers .(1 ) ( 2), reported enhancing 
the natural corrosi6n inhibition of certain monomers adsorbed 
onto substances by slightly polymerizing these monomers. 
to a low molecular weight. ·These pheonmena suggested .the 
,. 
'· 
' ;, 
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use of radiation to investigate the possibility of improving 
the corrosion resistanc~ of mortar and concrete by the 
irradiation-polymerization of inexpensive common monomers in 
order to achieve (a) ·crosslinking and consequent improvement 
in mortar and concrete strength and (b) potential grafting 
and general improvement of the polymer at the polymer-particle 
interface. 
"'·· 
EXPERIMENTAL . 
Experimental techniques and apparatus are descFibed 
in this section. These include: 
a)·· Mortar specimen preparation, curing equipment and 
proce~ures 
b) Polymer preparaiion and incorp~ration techniques 
c) ·Corrosion environment apparatus and conditions 
d) Corrosion evaluation criteria and apparatus 
eJ Polymer and polymer-sand composite ("polysand11 ) 
studies done relevant to this· project. 
A) Mortar Sample Preparation: 
Concrete test specimens are commonly "6 x 12" solid 
cylinders. Two inch mortar cubes are used for measuring 
the base strength of cement. The apparent compressive 
strength of concrete becomes highly sensitive to dimensional 
changes at Diameter/Length ratios above 1/2, and insensitive 
at values below 1/2. The chamber of the "Gammacell" irradiation 
facility measure~ 6 x 8 inches. Since it is desirabl~ to 
treat as many samples as possible simultaneously at all 
stages of prep~ration to eliminate treatment diffe~ences, 
it was decided that 1 x 2-inch cylinders of mortar would be 
used for compression test studies. This .maintains the 
desired L/D ratio ·and ,permits the common treatm~nt of large 
numbers of small samples_. The use of mortar eliminates the 
16 
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sample inhomogeniety inherent with the presence of large. 
aggregate lumps. It is felt that removal of the aggregate 
would not invalidate the corrosion data since attack is 
upon the cement constituents, and futther, that any inter-
face phenomenon would be accentuated with sand's larger 
interfacial area per unit volume. A more uniform "matrix" 
of incorporated polymer and a smoother sample surface area 
are also possible without aggregate. 
As mention·ed in the Introduction, change of compressive 
strength is one criterion of corrosive attack. However, 
strength is determined in part by the mit proportions and 
sample curing procedure. For reasons of standardization 
and comparison, the procedures of ASTM c-1-09 for preparing 
and curing the 2" mortar cubes were followed exactly; the 
only difference being the final sample shape, and, of course, 
their molds. Enough commercial Type I Portland cement to 
insure all samples being made from the same cement lot was 
obtained from the Lehigh.Portland Co., Catasauqua, Pa. 
The 
iest procedure specifies a recipe 1n which the amount of 
water to be used must be determined experimentally to 
insure sufficient mix "workability". The method is 
detailed in C-109. The water ratio was determined from 
the manufacturer's data for the cement lot from which this 
17 I 
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portion wa~ taken.- Tap water, (9 gr. hardness) was used, 
and Ottawa.graded sand as specified in C-109 was purchased. 
The specimens were cast in sets of molds made from, , 
1" i.d. x 2" deep Plexiglas cylinders fused into a Plexiglas 
sheet at about their midpoints. One face of this array of 
cylinders was covered with a single sheet of 3 mil poly-
ethylene and sealed closed with a second Plexiglas sheet. 
The polyethylene thus provided a removable water-tight seal 
• 
on one end of the cylinders. Plexiglas facilitated removal 
of the cured mortar slugs and allowed inspection for air 
voids during casting and tamping. 
The standard mottar test procedure (C-109) requires 
24-hour "fog" curing at 72°F, 90+% relative humidity, followed 
by curing under water. Sin~e compressive. strength varies 
with time and conditions, increasing most rapidly during the 
first week of underwater cure, a 28 day cure was chosen to 
minimize post-cure strength changes. 
These two environments (fog and water) were provide_d 
by aspirating water maintained at 72~2°F with a thermostat-
controlled immersion heater from a pool in the bottom of 
a "moist box" into an air stream which flowed into the box. 
By adjusting the air flow and the power to a heating tape 
wrappe~ around the air line, both 72°F-90+% R.H. air and 
72°F water could be maintained. Aspirated water returned 
to the pool,-the air was vented. Fog-cured samples were 
18 
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held in their molds for l day, then taken from the 
cylinders by removing the plexiglas-polyethylene end-plate 
seal and ~ushing the slugs from their cylinders with a 
rod. These 1-day specimens were returned to the moist 
box pool at 72° for a additional 28 days, after which 
they were removed and air dried for at least one .week. 
Prior to further ·Use all samples were vacuum dried at 
1-2 mm Hg. for about 48 hours. 
B) Polymers, Polymerization, and Polymer Incorporation 
Polymerizati~n of vinyl monomers by irradiation is 
I 
well known. Beta radiation causes the formation of free 
radical species and chain propagation thereafter proceeds 
conventionally. Gamma-induced radiation is believed to 
initiate polymerization by the production of secondary-
emmission electrons through collision with matter~ 
This type radiation was thought particularly suit~d to 
produce uniform polymerization throughout dense concrete 
due to its greater penetration. The simultaneous degradation 
of certain types of vinyl polymers, particularly the aipha-
substituted esters (e.g~ methylmethacrylate) is known.( 5) 
Both chain scis·sion and dep9lymerization are postulated. 
Cross-linking of monomers during polymerization has 
also been induced with irradiation. 
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- T,wQ common ··monomers, .considered t:yp,icai' of t.heir 
~classes,· were chosen. Aromatic styrene and the atpha~ 
substituted ester methylmethacrylate were used for all 
work. All polymerization was done e-ssentially in "bu'ik" 
in an Atomic Energy of Canada, Ltd ."gammacell" radiation 
unit consisting of 12,010 curies of cobalt~60, with a 
dose .rate of approximately 106 r/hr. Briefly, the unit 
is a lead-shielded source ~ith a core of Co-60 rods 
arranged in a ~quirrel-cage pattern, into the center of 
which the 6 x 8" cylindrical chamber containing ·the 
~aterial to be irradiated is lowered. 
The two most practical ways .found to impregnate 
and coat the 1 x 2" mortar samples are described. For 
total impregnation of both monomers, specimens were vacuum 
dried for at least 48 hours. These were immersed in the 
particular monomer, and the monomer+ mortar evacuated 
and allowed to return to atmospheric pressure repeatedly 
to insure removal ·of essentially all .entrapped air and 
to provide some. d~gree of pressure for forcing monomer into 
the mortar. Slightly differing techniques were riquired 
to polymerize the· two monomers. One problem encountered 
was evaporation of monomer from the mortar slug surface 
during irradiation in the warm· (35°C) Gammacell. Attempts 
to polymerize the monomer-saturated slugs in air resulted 
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in nearly complet·e surface evaporation, even though 
the bulk of the specimens were still thoughly impregnated. 
For styrene, beakers containing the mortar slµgs immersed 
in monomer were placed directly in the cell and irradiated 
for a time sufficient to partially polymerize the monomer 
to a viscous solutirin. The sample slugs were transferred 
to a second closed container~ pausing during the transfer 
d 
to drain excess solution and leaving a thin film of monomer 
polymer solution. This second container cont~ined a flat 
dish of unreacted monomer to at least partially saturate 
the "air" with vapor and reduce eva_poration. Polymerization 
was containued to the solid state and the samples examined 
· for surface coating uniformity. The specimens were weighed 
before and after impregnation, and their diameter measured 
by micrometer to 1 mil. 
Bulk methylmethacrylate polymerization, because of its 
much highei rate and reaction heat, is more difficult to 
control. With MMA, the monomer-saturated. slugs were 
irradiated in air, as for styrene polymerization. With 
_external cooling supplied, a small amount of monomer was 
partially polymerized to a viscous solution in a separate 
flask. The resultant solution c6uld then be diluted to the 
desired consistency with fresh monomer and the thoroughly 
impregnated but surface-dry slugs were immersed in this 
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solution. After repeated vacuum-pressure cycling, the 
slugs were removed, allowed to drain, and the polymerization 
completed by a final irradiation stage. 
C) Corrosive Environments and Apparatus: 
Since no standard environmental tests exist, two 
were chosen which were thought to simulate the anticipated 
brine evaporator conditions. 
Exposure to distilled water was· simulated by trickeling 
. 
a capillary stream of hot deionized water on one side of 
the 1" x 2" slugs. These specimens were supported horizontally 
in a water collection tray ~quipped with an overflow weir 
which could be adjusted to keep the lower half of the 
samples continually immersed. The upper halves were expo~ed 
to the air and a gentle stream of about 80°C deionized 
water directed individually to each specimen. Each jet 
was ad~~ed to about 10 cc./min. The impinging water flowed 
over the sides of the samples and collected in the holding 
tray before overflowing the weir to the drain. Deionized 
water was produced by passing tap water through a bed of 
~ohm and Haas Co. mixed-bed dei6nization resin, MB-3. Its 
resistance exceeded 106 ohms. From the bed, pure water was 
collected in a head tank from which it was siphoned to the 
distributiort header feeding each sample trickler. This 
head tank was maintained at 95+°C by a thermostatically 
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controlled ·trtn11ersib~ heater .. 
Hot conceritrated brine, re~orted to be increased by 
five times the normal salinity in current evaporator-design 
proposals, was sim~lated by makirtg a synthetic seawater 
containing 5 times the normal concentrations of the major 
constituents listed in Table 1, and additionally a 10% 
sodium sulfate level. Since the sulfate salt solubility-
product of some ions was exceeded, the concentration of 
those ions was reduced to accommodate the sulfate. Operation 
at 120°C was maintained_ by filling a glass battery jaE 
with the· brine solution, immersing the test specimens, and 
placing the jar in a non-ventfng domestic pressure cooker. 
The volume remaining between the jar and the autoclave was 
partially filled with water, the system sealed_, and the 
temperatur~ and pressure maintained by regulating the power 
input to a hot plate. This permitted holding temperatures 
above the normal boiling point without boili~g the brine 
or corroding the autoclave materials. 
The brine composition selected was based on the . 
decision to increase the concentration of all the major 
constituent ions present in natural seawater to five times 
their normal concentration, where possible, and to increase 
the so; ion. level_to that ~quivalent ~o the sulfate present 
in a 10 wt.J sodium sulfate solution. The following table 
I 
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lists the constituent~- and their concentratiorr in this 
'.' 5 x Normal - 10% Sulfa tell brine. 
Ion Concentration, moles/liter 
Na+ 3.43 
K+ 0.021 
Mg++ 0,274 
Cl 2.79 
soz:: 
4 
0.604 
This was achieved by preparing a s-0lution of Reaient 
grade salts as follows, dissolved in .. deionized water. 
Salt Concentration, gms./liter 
Na 2so4 47.0 
KCl 1. 64 
MgS0 4 33.0 
NaCl 162.0 
Table 1. ·Concentration of "SX-Normal-
10% Sulfate" Brine Environment Used for Corrosion Testing 
D) Corrosion Evaluation and Criteria: 
The only physical standard for corrosive attack at 
present is an allow~ble limit of 0.5% sulfate expansion. 
' 
Failure is defined for any dimensional change in excess of 
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1) 
Brine exposures for this work were followed by: 
Weight gain (loss) of specimens impregnated with 
polymer compared to similarly exposed unprotected 
control samples. 
2)' .Dimensional changes of treated and unprotected 
specimens. 
3) Visual surface discoloration and roughness. 
4) Change of compressive strength of treated and 
untreated samples. 
5) Inspection for depth of penetration of dis-
coloration on exposed samples after fracture 
in the compressive strength tests. 
- Deionized water exposure was monitored by periodically 
measuring the depth of the erroded cavity formed directly 
below the impinging trickel. Shape irrgularities (pitting) I 
at the advanced stages of leaching prevents taking useful 
compressive strength data, but since dimensional changes 
of more than 0.5% are unsatisfactory, this comparative data 
alone is useful. 
E) "Polysand" and pure Polymer 
Two additional types of specimen were prepared to find 
. the radiation dosage effects on polymer cross linking, 
degradation, compressive strength, and glass transition 
temperature. These specimens were not expos·ed to either 
environment. Pure poly-styrene and polymethylmethacrylate 
(pMMA). were bulk polymerized in 20 mm. I.D. test tubes held 
at 35-40°C. The resulting polymers were removed from the 
test tubes, usually by breaking the glass away, and exposed 
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to a series of post-polymerization irradiation doses. 
For ~ompressive strength work, these rods were cut 
and faced on ·a lathe to 40 mms., giving samples of the 
same 1/.2 D/L ratio as the mortar slugs. 
Crosslinking was determined by attemptin~ to swell 
slices, or wafers, cut from the same ro4s, in both toluene 
and methylethylketone. Crosslinking reduces polymer sol-
ubility and is evidenced by formation of a dimensionally 
stable jel of the polymer network swollen with solvent. 
Data are reported by measuring the volume/weight increase 
as a percentage of the original unswollen polymer weight. 
At no or low crosslinking, the polymer is completely.soluble. 
Increasing the degree of crosslinking reduces solvent 
swelling. 
To determine how the presence of the denser concrete 
components in a polymer matrix affect crosslinking, polymers 
fully loaded with sand were prepared in an identical manner 
to the pure polymer. This "polysand" was made by slo.wly 
pouring sand into test tubes partially filled with monomer, 
and irradiating at the same dose levels as for the Fure 
polymers. The polysands were subjected to the same swelling 
and compr~_ssive tests as the pure polymer. 
F) Glass-Rubber Transition Temperature: 
Each polymer has a characteristic temperature below 
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which its properties behave with temperature like those 
of a glass. Above this, the properties appears rubberlike. 
These properties include density, shear and torsional 
modulus, elastic limit, thermal capacitance, etc. For 
these, the temperature-property curve undergoes a change 
of slope at the so-called glass-rubber transition temperature, 
Tg. A given polymer's glass temperature will be affected 
by molecular weight, side chain branching and crosslinking. 
Conventional polystyrene and.pMMA have Tg's near 100°C, 
well below the evaporator design temperatures proposed. 
If the marked increase in compressive strength of poly-
mer-impregnated concretes is to be expfoited through more 
economical design, the polymer behavior, and particularly 
its glass temperature must be known at this higher temperature. 
Changes in polymer Tg which might be caused by surface 
phenomena, crosslinking, or any other radiation-induced 
effect must be determjned. 
Volume dilatometry provides a simple and sensitive 
measurement of '(g. The procedure involves essentially making 
a "thermometer" with both polymer spec1mens and mercury 
contained in the "bulb". The apparatus is immersed in a 
bath and the temperature raised slowly. A plot of capillary 
length (volume of Hg plus polymer) will show a distinct 
slope change re·~nil ting from the increased thermal expansion 
., 
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-of the pol)'lller above Tg. Use of a caJ.ibra.ted dj.l~t<>meter • " jY•• ., 
and known weights of Mercury and polymer· p_ermit absolute 
measurement of ·polymer bulk expansion. For this work, about 
S gms.'of polymer or polysand and about 35 gms. of mercury 
"':ere sealed in an evacuated 10 mm glass tub·e fused to a 
1 mm. capillary. This arrangement allowed about 30 ems. 
change in capillary length over the range of 50-150°C. 
Data were taken at 1 to 2 °C intervals. Comp?,rison of 
similarly-prepared pure ·polymer and polysand were made with 
this apparatus. 
G) Compressive Strength Measurements: 
The ASTM Test C-109 details compression test pro-
cedures. It defines the strength as rupture load divided 
by original cross sectional area. Since concrete exhibits 
stress-strain hysteresis, standard_ization of strain rate 
is necessary. For this work, an Instron universal tension-
compression maching was used. A constant strain speed of 
0.02 inches/minute equivalent to a strain rate of 0.01%/min. 
produced fracture within the 20-120 seconds required by 
C-109. The Instron traces a plot of elongation vs. load 
(stress-strain). The ~rocedure followed C-109 except for 
the following differences: 
a) Sample geomertry obviously differed. 
b) One free load block was used. One compression head 
of the Instron is fixed to the travelling crosshead. 
The load cell head, however, is free to pivot 
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about a large ba11-and-socket arrangement. It 
·was .felt that this difference was ·desirable, in 
that the load was distributed over the specimen 
face to reduce high local stressing which might 
occur if non-parallel faces were stressed with 
fixed load blocks. 
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RESULTS AND CONCLUSIONS 
A). Statistical Variability of Mortar Preparation 
Variability of the properties of specimens cast 
from the same lot of mortar, as well as of those from 
different lots, might be expected. The within-batch and 
between-lot variability in compressive strength was there-
fore investigated. Since corrosion-induced loss of com-
pressive strength is a measure of the effectiveness of 
proposed composites and coatings, it was necessary to ,know 
I ' the reproducibility of experimental results, and then to 
test the proper number of specimens required to detect a 
statistical significance. 
Four sets of mortar slugs were prepared by the 
procedures described in the Experimental section. Identical 
materials ~ere used on all. The data were studied for: 
1) within-batch variability (va~iance) 
2) batch-to-batch differences 
3) effect of shorter curing time on strength 
The measured properties were compressive strengths 
after 7-day and 28-day cures. Experimental results are 
presented in Table 2. 
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.t Interval of Sample Standard Lot Cure Strength Deviation 95% confidence Size Days 
3 7 4140 psi 172 psi 4000-4280 
(.:!:_140)psi 8 
4 28 5100 psi 310 psi 4840-6360 
(.:!:_260)ps i 8 
5 28 4970 psi 640 psi 4380-5560 
(.:!:_590)psi 7 
6 28 4850 psi 505 psi 4490-5210 
(.:!:_360)psi 10 
t Mean compressive breaking strength 
Table 2. Statistical Comparision of Mortar 
Compressive Strengths 
1 
From these data there appears to be no statistically sign-
ificant difference between the mean ~ompressive strengths 
of different batches of mortar. It can be concluded from 
the variances within a single batch however, that about 10 
specimens per treatment are required to detect compressive 
strength differences of ~bout 10%. 
B). Effect of Increa.sing Polymer Incorporation on Compressive 
Strength of Mortar. 
Since deterioration of compressive strength is a major 
indication of the progress of corrosion,.the effect on this 
property of varying the amount df incorporated polymer was 
investigated. Mortar specimens were treated by soaking in 
monomer for varying lengths of time and irradiating in a 
closed vessel. Specimens were irradiated to a dose of abotit 
40 x 106· rad., (about 40 hours in the GaJilmacell) a dose 
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sufficient to cause complete polymerization
.· 
Figure ·2 presents the dependence of compressi
ve_ 
. 
. 
strength on amount of incorporated polystyren
e~ Inspection 
of the· fractured samples showed uniform pene
tration of polymer 
throughout, except ·for a thin (1-2 mm) layer at the su
rface 
which presumably dried by evaporation. T
he data indicate 
. 
. 
no significant effection of polymer on stren
gth below 1% 
incorporation. At 3% by weight of polymer t
he sample strength 
appears inc~eased by a factor of 1.5. 
C). Optimum Irradiation Doseage for pure Polymer and Polysand 
Preliminary work.had indicated some effect o
f radiation 
dose on the compressive strength of the mort
ar-polymer composites. 
To determine the optimum doseage for maximum
 strength, .a series 
of sand-polymer (polysand) composites were prepared by 
the 
methods described in the Experimental sectio
n. Pure polymer 
specimens were made simultaneously. Polymer
-sand was chosen 
in preference to polymer-saturated mortar be
cause of the 
larg~r proportion (9 wt.%) of polymer in· the polysand m
atrix 
than exists in mortar (max. 6 wt.%). Cylindrical 20 x
 40 mm. 
slugs of pure MMA polysand and pure Poly. MM
A were polymerized 
by irradiation for up to 120 hours (about 120 x 10
6 rad total 
dose). 
Figure 3 shows the dependence of compressive
 strength 
on total doseage for these specimens. No da
ta are shown below 
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Figure 2. Compressive Strength Of Mortar 
With Increasing Amounts of Polystyrene 
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( 
two hours since this is the minimum time needed to complete 
polymerization to a solid. As shown by Figure 2 a maximum 
in compressive strength occurrs between 10 and 20 hours of 
irradiation. The marked loss of strength beyond 20 hours of 
irradiation may be attribut~d to the characteristic deterioration 
of irradiated alpha-substituted materials. Figure 4 is an 
expanded graph of these same data in the interval up to 36 
hours of irradiation and includes data for pure poly MMA. 
A maximum is evident in the interval between 6-20 hours for 
polysand. Two effects of interest can be noted. First, 
the presence of sarid in the polymer matrix increases the 
ultimate strength by about 25% above ,that for the pure polymer. 
Second, the maximum occurs at longer irradiation times for 
the pure polymer than for polysand. This may be explained 
by a larger dose actually being delivered to_the polysand 
due to the presence of the denser sand. 
Similar data for polystyrene were taken. A very large 
statistical scatter is evident, but no strength change was 
apparent. These data are not reported here because they 
lead to no conclusion. 
35 
J, 
16,000 
.. 
.c: 
+,) 
bO 
s:: 12,000 
C1> 
$-4 
+,) 
Cl) 
8000 
4000 
0 
0 
EB 
-----~0·--~---
0 
------\.:, 
---
Pure MMA 
..-
~/'0 Polymer 
/~ 'G 
4 8 12 
I 
-
16 
G) 
-
-
Figure 4. Low Dose Effect of C0 -60 
Irradiation on polyMMA-Sand Matrix 
Dose Rate: 10 6 rads/hr. 
u- --- '0 
--' ---
--
--
polyMMA-Sand 
("Polysand") 
-
---
--
--
------- ........... 
----'€) 
~~~--------Typical Mortar Strength 
20 24 28 32 
Irradiation Time, hours. .--
.. 
'· 
.'t 
. .,.._ 
D), Polymer and Polysand Solvent Swelling 
The maxima in· the compressive strength of sand-
polymer .composites· with regard to irradiation dose 
discussed in the preceeding paragraph sugge~ts that an 
optimum balance occurrs between radiation-induced cros·s-
linking and degradation. Both phenomena. are belleved to 
be caused by disrupting the alpha-methyl group of the 
methacrylate. A more highly crosslinked polymer should 
produce greater resistance to rupture as more inter-
molecular bonds per unit volume are involved. To determine 
whether this maximum corresponded to a high degree of 
' 
cross linking, swell_ing measurements in methylethylketone 
and toluene were obtained for polysand and polymer specimens 
prepared with different total irradiation dosages. Wafers, 
as described in Paragraph B of the Experimental section were 
covered with solvent in a culture dish. 
·1n all cases, regardless of the presence of sand, the 
polym·er dissolved completely, indicating essentially no bulk 
crosslinking. This does not preclude local effects in the 
region immediately surrounding the individual sand grains. 
This latter possibility was studied as described in the 
following paragraphs. 
E). Glass Transition Measurements of Irradiated Polymers· 
and Polysands. 
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To further charact~rise the effect of large interficial 
areas between sand and polymer, glass transition temperature 
measurements were made by the dilatometric methods of par-
agraphF of the Experi.mental Section. 
High and low radiation-dosage to the polymer and polysand 
were studied. To estimate the reliability of the data, 
duplicate and repeat runs of a given sample were conducted 
without removing the specimen from the dilatometer. The Tg 
was determined by locating the temperature at the change of 
slope in the temperature profile. 
Polymers generally contain a distribution of molecular 
weights. To the degree that molecular weight affects the 
apparent Tg, a certainlnss of linearity of the vplume-
temperature curve should be expected. With closely spaced 
data, there is usually not a sharp break in the curves. The 
glass temperature is determined at the intersection of the 
straight line segments extrapolated from above and below 
the transition region. Tg could also be defined as the 
temperature of first departure from linearity. For this work, 
both are reported to indicate the width of the transition region. 
1. Polystyrene: Specimens of polystyrene were irradiated 
for 45 hours, sufficient to complete polymerization to a solid. 
Portions of this material were subjected to additional radidation 
for about 80 hours. Duplicate Tg determinations were made. 
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Tab1e 3 contains the data obtained from .Figures 5,6, and 7, 
Run No. Irradiation Tg Description 
Time 
7Al 45 hrs. 81°C 
7A2 45 hrs. 80°C re-run of 7Al after coolin
g 
to room temperature 
7Bl 45 hrs. 84°C duplicate of 7Al 
7B2 45 hrs. 81 °C. re-run of 7Bl 
llA 125 hrs. 98°C 
12A 125 hrs. 88°C 
Table 3. Replicate Measurement of Glass Transition Temperature 
of Pure Polystyrene 
Reasonably good agreement was attained between runs 
and between duplicate specimens of the same polymer. It is 
interesting to note that the Tg obtained is considerably below 
the 95-100° values reported in the literature for conventionally 
polymerized styrene (7). Dilatometric techniques are usually 
considered accurate to about 10-15°C; differences of less than 10° 
·maybe . due to experimental error. The reproducibility here, 
however, suggests a real depression of the glass temperature. 
Two explanations are possible. One is that incomplete polymer-
ization left unreacted monomer to act as a solvent, depressing 
Tg. The other is that side branching off the backbone chain 
with branches not long enough to be crosslinked yet sufficient 
to interfere with close packing of the chains is also known to 
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depress Tg. 
2. Styrene Polysand: Polysand rods were irradiated 
simultaneously with those of pure polystyrene. The data for 
styrene ·polysand obtained from Figures 8-11 are included in 
Table 4. ) 
Run No. D.ose Tg Transition Description 
Range 
8Al 45 hrs. 125 103-133 
8A2 45 hrs. 110 88-131 re-run of 8Al 
8Bl 45 hrs. 121 100-128 replj.cate of SA 
8B2 45 hrs. ? 90- ? rerun of 8Bl - data 
uncertain at high 
temperature portion 
8B3 45 hrs. 116 90-135 re-run of 8B2 
8B4 45 hrs. 112 91-132 re-run of 8B3 
llB 125 hrs. 119 77-134 
12B 125 hrs. 102 88-125 re-run of llB 
Table 4. Glass Temperatures of Irradiated Styrene Polysand 
A considerable increase in Tg of polysand above that for the 
pure polymer of Table 3 is apparent in runs 8Al and 8Bl in 
which the polysand is heated through its glass temperature for 
the first time. The· subsequent reduction of·the apparent Tg 
in runs 8A2, 3 and 4 after the material had once passed through 
the glass temperature is of interest. Further, the onset of 
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the transition range of the polysand is lowered after the 
first heating. Neither of these phenomena were observed in 
the case of pure polymer. At.the higher total dose ·runs 
of llB and 12B, a similarly higher Tg (compared to pure 
Polymer) is obtained on the first heating; subsequent runs, 
however, produce a Tg consistant with the accepted value for 
polystyrene. In this high dose polysand, however, considerable 
narrowing of the transition region is evident after the first 
heating, as compared to the broadening seen for the low dose 
material. 
3) Pure Methylmethacrylate Polymer: Table 5 contains 
data taken from the Tg curves of Figures 12 and 13. The high 
dose level corresponds to that portion of the compressive 
strength - dose plots of Figures 2 and 3 where a strength 
reduction of about 80% had suggested serious polymer de-
gradation. The literature (7) reports a Tg of '105° for pMMA. 
Run No. Dose,hrs. Tg Transition Description Range 
9A 3 1/2 115 94-129 
lOA 3 1/2 115 77-133 re-run of 9A 
13A 43 1/2 85 58-98 
14A 43 1/2 99 69-118 
Table 5. Effects of Radiation Doseage on the Glass Temperature 
of poly-Methylmethacrylate. 
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The dramatic reduction in glass temperature with high 
irradiation levels. supports the polymer degradation explanation 
suggested by the compressive strength data. 
4). MMA Polysand: Table 6 tabulates the data ftom Figures 
14 and 15 obtained for MMA polysand composites prepared 
simultaneously with the pure·MMA specimens of Table 5 above. 
Run No. Dose, hrs Tg Transition Description Range 
lSA 3 1/2 123 70-133 
lSB 3 1/2 112 55-125 
13B 43 1/2 87.5 67-97 
14B 43 1/2 102 65.;. 112 re-run of 13B 
Table 6. Effect of Radiation Doseage on the Glass 
Temperature of MMA Polysand. 
Beyond a comparison of the similar effects of high dose 
·levels on the glass temperature, which is assumed to be related 
to the corresponding degradation seen in the compressive strength 
data, no conclusions can be made concerning the effects on Tg 
of the presence of sand in the composites. 
In general, for styrene and styrene-polysand, the poss~ 
bility of radiation-induced local branching, or even crosslinking 
is suggested, but remains uncertain. The data for poly MMA, 
however, show no suc'h indication. In both ca·ses, however, it 
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is clear that a permanent increase in.the glass temperature 
above the expec~ed o~erating temperature of saline evaporators 
is probably not possible by only radiation methods. 
F): Brine Corrosion of Mortar Impregnated with Polystyrene and 
Polyrnethylmethocrylate 
Mortar treated with poly MMA and polystyrene as des-
cribed in the Experimental section was exposed for six months 
to the 120°C high-salinity 10% sodium sulfate brine. An entire 
lot of mortar was similarly exposed for 9 months. The solution 
was replaced with fresh brine about every two months. Selected 
specimen slugs were examined periodically for dimensional 
changes during this time. All specimens were examinea at the 
end of the 6 and 9 morith exposure, and at that time their weight 
changes and compressive strengths were also measured. App~ 
ropriate blanks and controls were made ~nd stored in air during 
the test. 
1. Unprotected mortar exposed to brine: As discussed above, 
unprotected mortar specimens were weighed and measured by micro-
meter prior to and during their 9-month exposure to the 120°r 
brine of Table 1. The data are tabulated in Table 11 of the 
appendix and are summarized here. 
Weight Change: All samples exhibited an increase 
in weight over the 9 months. Individual samples varied from 
2.2 to 5.11 increase. Of this, a weight increase of no more 
54 
than ab~ut 1.51 could possibly be attributed to failur~ of the 
final washing to leach out any residual salts and their sub-
sequent retention after drying the samples. The remaining 0.7 
to 3.6% ·cannot be weight gain attributed to salt residue, and 
must be considered corrosion reaction products. 
Dimensional Change: Before and after the 9-month 
period, the diameter of all specimens was measured by micro-
meter to .001 inch. Selected samples were measured periodically 
during this time. Three measurements of the diameter were taken 
at the center of each slug. These individual data and
1
their 
averages were recorded. The dimensional changes tabulated 
are differences of the ·avtrages of these three measurements, 
Over the 9-month exposure period, all but one sample 
showed an increase in average diameter. These ranged from Oto 
0.7%. In some instances for .a given specimen, the variation 
within the three diameter measurements exceeded the net increase 
in average diameter, but in the majority of these the smallest 
diameter measured after corrosion exceeded the smallest measured 
before. 
Of possibly greater interest are the interim results 
where the data on S selected specimens indicate a rapid swelling· 
to about 1.3% after two months, followed by an apparent decrease 
to the final 9-month value. This suggests an initial rapid 
sulfate expansion, followed by erosion of the.high-cement-content 
"sur·face paste", possibly accelerated by the formation of some 
I 
ss I 
soluble ~g(OH) 2 corrosion reaction products . 
. If the ASTM criterion pf 0.5% maximum allowable 
sulfate expansion is relevant to brine evaporator service, these 
initial data suggest that unprotecte~ Type I cement is not 
suitable for this environment. 
Compressive Strength: At the end of the 9 month p·eriod, 
the compressive strength of all exposed samples was measured. 
Control specimens, untreated sample slugs from the same mortar 
lot which had been stored in air, were also broken. A loss 
of average compressive strength after corrosion of 19% was found. 
While scatter of individual data about these averages was 
considerable, the large sample size makes these differences 
statistically significant. These results for unprotected mor~ar 
exposed to brine are summarized in the following table. 
, 
Exposed Samples Unexposed Samples 
Average Original Weight 
Average weight change 
Ave. % wt. change 
Ave. % diameter change 
(Range) 
Average Compressive Strength 
Number of Samples 
· Standard· Deviation of Comp. Str. 
Interval of 95% Confidence 
. on the Average Strength 
CQmpre.~sive Strength Loss 
56 
53.4 gms 
+1.9 gms 
+3.6 
+0.3 
(-.3 - +.7%)· 
4850 p.s.i. 
24 
33 psi. 
4830-4870psi. 
19%. 
53.3 grns 
N/A 
N/A 
N/A' 
N/A 
5990 p.s.i. 
7 
38 psi. 
5950-6030psi. 
N/A 
Interim ExEosure Data 
• 
exposure average diameter % change 
unexposed 0.985 inches 0 
2 months .998 +1.3 
3 months .995 +1. 0 
6 months .993 + . 8 
9 months .991 + .6 
Table 7. Summary of Brine Exposure Data for Unprotected 
Mortar Specimens Exposed to 120°C Concentrat~d Brine. 
Visual .Inspection: All exposed samples from the 
compressive tests were compared visually to the .unexposed controls. 
The uniformly gray interior of the controls contrasted sharply 
with the brine-exposed specimens which were thoroughly discolored 
to a light tan. The attached photographs show this discoloration. 
It is suspected that iron salts from the c3AF cement constituent 
are responsible for this discoloration. See Section H. 
2. Mortar Impregnated with Polymethylmethacrylate Exposed to 
Brine. 
Mortar specimens, treated as described in the Exper-
imental section, were impregnated and coated with MMA. Dry and 
polymer-impregnated controls were taken. Treated specimens were 
examined for compressive strength and dimensional and weight 
changes, and visual appearance was observed after 6 months ex-
p6sure to the concentrated brine. Appropriate impregnated and 
S 7 ·,; 
;'' 
J1L 
untreated controls were also stored in air. The results are 
summarized in Table 8, 
Number of Specimens 
Average Weight% 
Incorporated Polymer 
Average% weight Gain in 
Brine Exposure 
(Range) 
Average_ Surface Film 
Thickness 
Average% Expansion 
Average Compressive Strength 
Standard Deviation 
(Range) 
Interval of 95% Confidence 
on the mean compressive 
strength 
Brine Exposed Unexposed Control 
20 
4.4% 
+0.22% 
(-.15 - +.80) 
.001 inches 
+.19% 
6-300 psi. 
960 psi. 
6 
4.8% 
N/A 
N/A 
N/A 
.N/A 
7 
0 
N/A 
N/A 
N/A 
N/A 
5690 psi. 6000 psi. 
380 psi. 320 psi. 
3900-9200 psi. 4360-7850 4730-7150 
5860-6740 psi. 5290-6090 5700-6300 
Table 8. Brine Corrosion Data for Mortar Impregnated with 
Polymethylmethacrylate. 
Expansion: Those specimens with the most complete and 
uniform surface film were selected for exposure to the brine 
environment. Film thickness was estimated by a measurement of the 
surface diameter before and aftet impregnation. As discussed 
above, the average of three diameters is reported. An expansion 
58 / 
varyl~g from -0,1 to +,6%.between specimens and averaging 
I 
+0.19% at the end of the 6 months period was observed. This 
MMA~protected mortar showed a sulfate expansion less than 1/4 
of that for unprotected specimens exposed for the same time, 
and about 1/3 of the limiting amount considered unacceptable 
by the ASTM standards. 
Weight Change: These specimens showed a slight weight 
increase, most of which can be attributed to residual salts left 
after evaporation. The average increase of +. 22·% is about I/15th 
that of unprotected mortar in Table 8. 
More interesting is the result of plotting net weight 
change after corrosion against the amount of incorporated polymer. 
Figure 16 presents this data. 
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The trend of i.ncreasing weight gain with decreasing 
amount of polymer suggests that impermeability is imparted 
to the mortar by polymer filling the voids. Assuming that these 
data merely indicate the amount of residual brine salt left 
after evaporation at the end of the e:1(:posure, then the polymer 
has allowed less brine penetration. Alternately, if this weight 
change were due to .corrosion reaction produc.ts, the polymer has 
slowed this deterioration also. 
Compressive Strength: The MMA-impregnated mortar 
showed no conclusive compressive strength loss after 61 months 
brine exposure. 
Appearance: All protected .samples exhibited a slight 
surface discoloration similar to the unprotected mortar specimens 
of Table 7. Upon fracture, this discoloration was found to be 
limited to a region of about 1 mm. depth. Compressive tests 
normally caused unimpregnated mortar slugs to fracture into two 
cone-shaped sections whose bases were the ends of the cylindrical 
slug and whose apexes met point-to-point in the middle of the 
specimen. F~acture occurred suddenly after a brief 
period of unusually rapid deformation. The brine-exposed 
polymer-impregnated specimens behaved with a marked difference. 
Fracture tended to occur "piecemeal", with axial "slivers" 
... 
sequerttially breakirtg away from the sample surface along cords 
of the circumference. The tendency seemed to be to leave. a slug 
61 I 
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of hexagonal cros_s sect~on after these slivers had broken way. 
The thickness of these slivers cor~esponded roughly to the depth 
of corrosive discoloration. 
3. Mortar Impregnated with Polystyrene Exposed To Brine 
The results of mortar treated with styrene and evaluated 
as in Paragraphs 1 and 2 above are tabulated in Table 9 below.· 
Number of Samples 
Ave. % Incroporated 
Polymer 
Ave. % Weight Gain 
(Range) 
Ave. Film Thickness 
Ave. % Expansion 
Ave. Compressive 
Strength, psi 
Std. Dev. , psi. 
(Range) psi. 
Interval of 95% 
Confidence of 
Polymer Treated Mortar 
Exposed to Brine Unexposed 
18 5 
6.1 6.0 
- . 8 N/A 
(-2.7 - +.8) N/A 
.001 inches N/A 
+.4 N/A 
5920 5320 
1260 440 
3160 - 8430 4610 - 5870 
the mean strength,psi 5330 - 6510 4770 - 6370 
Untreated Controls 
5 
N/A 
N/A 
N/A 
N/A 
N/A 
6120 
760 
4850 - 6700 
5360 - 6880 
Table 9. Brine Corrosion Data for Mortar Impregnated with 
Polystyrene. 
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E.xpansion: The average expansion of 0.4% after 
6 months is barely acceptable by the AS!M ciiterion and is twice 
as great as that for mortar similarly treated with polymethyl-
methactylate. 
Weight Change: All samples except one showed a net 
loss of weight on brine exposure. Considering the weight 
increases obtained with untreated mortar and that for specimens 
impregnated with methymethacrylate, this anomalous behavior is 
unexplained. 
Compressive Strength: As with the MMA-treated mortar, 
no clear evidence of corrosion can·be obtained from compressive 
strength data. The same unusual fracture behavior was observed 
for these styrene-protected samples however, and the dis-
coloration due to deterioration was evident to ahout the same 
depth below the surface. 
Physical Appearance: Based on visual discoloration, 
mortar protected with polystyrene would be rated somewhere 
between the severe and uniform disc6loration seen in unprotected 
specimens and the mottled tan appearance of those protected with 
poly MMA. 
In general, based primarily on physical appearance and 
sulfate expansion, polystyrene appears to provide less pro-
tection against this hot concentrated brine evnironment than does 
polymethlymethacrylate. 
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G. Deionized w~ter leaching. 
Samples of untreated mortar were exposed for 1 year 
to a trickeling deionized water stream as described in the 
Experimental section .. Mortar specimens impregnated with 
polystyrene and polymethylmethacrylate were selected from the lots 
used for the brine corrosion studies and exposed for 9 months. 
The action of deionized water on the untreated mortar and the 
protection provided by both polymers was immediately evident. The 
progress of leaching was followed by periodically measuring the 
diameter by vernier durjng the exposure period, and by measurement 
of weight loss at the end of the exposure period. 
Upon exposure, the unprotec~ed specimens showed 
roughening of the surface as the outer layer of cement paste 
was removed totally exposing the bulk mortar beneath. This was 
followed by a measurable decrease in the diameter as subsurface 
cement was leached away, permitting the sand particles to be 
rinsed away in the water trickle. The photographs in Section I! 
show the dramatic cavitation of the unprotected slugs. Table 10 
summarizes the data. 
64 
Exposure Time·· Percent Reduction of Original Diameter 
Unprotected Mortar MMA-Impregnated Styrene 
Impregnated 
2 weeks 
2~ months 
5~ months 
9 months 
12 months 
9 months 
surface roughening 
.8-1.2% at pt. of 
impingement,surface 
leaching elsewhere 
1.8-2.7% at pt. of 
impingement, subsurface 
exposure elsewhere 
4% at pt. of impingement 
3.2-10.0% at pt. of 
impingement 
Ave. Final Weight Loss 
11% 
0 
0 
0 
very s.1 ight surface 
roughening 
0 
Table 10. Deionized Water Leaching Data for Impregnated and 
Untreated Mortar. 
0 
0 
0 
0 
It is clear that hot deionized water provides the 
more severe environment for unprotected mortar. Both polymer 
treatments, however, provided complete protection to this fo-m. 
of attack over the period of the test. 
H. Photographs of Unprotected and Polymer-Impregnated Mortar 
Exposed to Hot Concentrated Brine and Deionized Water, 
The following rhotographs of selected mortar specimens 
illustrate the effects of brine and deionized water deterioration 
of unprotect"e-d mortar and ·demonstrate the ___ protection ·afforded by 
poly~er incorpor~tion. 
65 
Exterior View of Polymer-Impregnated and Unimpregnated 
Mortar Samples Exposed to Deionized water, showing the 
severe cavitation at the point of impingement for un -
protected specimens. 
mm CJF 1101. coumnrm n RP 111r IYPO~l'Pr 
Exterior and Interior Appearance of Fractured Samples of 
Mortar impregnated with polymer after brine exposure showing 
the roughened surface and uniform interior . discoloration of 
unprotected specimens. Dark spots on surface of impregnated 
samples are small polymer-filled surface voids which form 
during casting. 
POLY(STVRENE) 
OLY(METHYLMETHACRYLATE) 
Internal View of Fractured Polymer-Impregnated Mortar 
Samples Exposed to Brine Showing Depth of Discoloration 
After 6 months exposure . 
Views of Fractured Specimens of Treated and Untreated Mortar 
Showing Cone Formation in Untreated Slugs and "slivers" in 
Polymer-impregnated Samples. 
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Da:ta: Compressive Strength of Mortar Im~regnated with Styrene 
Treatment Com_pressive Strength Treatment Strength 
Impregnated 6040 5620 psi. Impregnated 5330 psi. 
exposed to 7600 5250-psi. control- 4610 
brine. 5860 8430 psi. not expo_sed 5580 5550 5640 psi. to brine. 5550 
5360 5480 psi. 5870 
6560 7080 psi. 
5280 3160 psi. Dry mortar- 6640 psi.· 
6510 4850 psi. not Impregnated 6700 
4950 5360 psi. no exposed 6380 
6040 
4850 
Data: Compressive Strength of Mortar Impregnated with 
Methylmethacrylate. 
Treatmen·t Strength 
Impregnated 7020 8680 
exposed to 8000 9200 
brine. 6250 4860 
7910 5930 
8110 5620 
3960 5860 
6250 6760 
5100 4850 
5500 4850 
5110 6750 
psi. 
Treatment 
Impregnated 
control-
not exposed 
Dry mortar-
not exposed 
Strength 
6510 psi. 
5620 
7850 
5860 
4360 
4850 
5230 psi. 
4730 · 
6640 
7150 
6900 
6500 
4850 
Table II. Compressive Strength,Data of Impregnated Mortars. 
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Data: Compressive Strength of Unprotected Mortar ~xposed 
to Brine. · 
Unprote~ted Mortar 
Exposed to Brine 9 mos. 
4930 4140 psi. 
3790 5250 psi. 
4240 6120 psi. 
4040 5870 psi. 
4390 5210 psi. 
4680 4990 psi. 
5730 4610 psi. 
6750 4820 psi. 
3480 3540 psi. 
6040 6750 psi. 
5180 3350 psi. 
2910 5610 psi. 
Unprotected Mortar not 
Exposed, Control 
6550 psi. 
6510 
4520 
4110 
7450 
6490 
6320 
Table II (cont'd). Compressive Str~ngth Data of Unimpregnated 
Mortar, Brine-Exposed. 
... 
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